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ABSTRACT 
 
Damage is inevitable in the reinforced concrete (RC) structures under various mechanical loads, which has a 
significant effect on the chloride diffusion. To predict the service life of RC structures in marine environment, it 
is essential to clarify the impact of damage extent on the chloride transport in concrete. For this objective, 
uniaxial compression tests were conducted on the concrete specimens to create various extents of damage. The 
ultrasound velocity and the residual strain was measured to characterize the evolution of damage. Afterward, a 
non-steady state migration method was employed to evaluate the diffusivity of sound and damaged concretes. 
On the basis of damage mechanics, the damage variables were quantified by the increase of residual strain and 
the degradation of ultrasound velocity. A linear relationship can be used to correlate the residual strain based 
damage with the ultrasound velocity based damage. The chloride diffusivity relates well with the damage extent 
in concrete. An exponential function can be employed to correlate the relative increase of chloride diffusivity 
with the damage extent. 
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INTRODUCTION  
 
Chloride-induced steel corrosion is a major durability issue of reinforced concrete structures in the marine 
environment, which is directly influenced by the chloride diffusion property of the cover concrete. It has been 
well known that the ingress of chloride ions into concrete is primarily dominated by the porosity and the 
connectivity of the pores of the concrete. In addition to the material quality itself, the diffusivity of concrete is 
also influenced by other factors such as the ambient temperature, the further hydration capacity of concrete, and 
the subjected loads. Especially, under the mechanical loads, the microstructure of concrete varies greatly due to 
the stress-induced damage, which will in turn affect the chloride diffusivity in the concrete (Hoseini et al., 2009). 
Therefore, it is utmost important to evaluate the chloride transportation in concrete with regard to the evolution 
of damage.  
 
Over the past decades, the chloride diffusivity of concrete has been extensively studied, and recent studies have 
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proven that the chloride diffusivity is stress dependent. Under compressive loads, the chloride ingression was 
affected by a threshold stress level (Samaha and Hover, 1992; Lim et al., 2000; Saito et al., 1995; Wang et al. 
2011; Djerbi et al., 2013). Under flexural or tensile loads, the chloride diffusivity increased with the increase of 
tensile stress applied to the concrete (Wang et al., 2011; Hoseini et al., 2009; Li et al. 2014). To predict the 
service life of concrete structures, the relationship between the mechanical loads and the transport properties of 
concrete has been under investigation on the basis of experimental results. In most cases, the stress level was 
selected to relate the mechanical stress with the chloride diffusivity (Wang et al. 2011; Li et al. 2014). Although 
a good correlation between the applied stresses and the diffusion property has been illustrated, a same stress 
level may generate different damage or cracking extent for different kind of concrete. Another widely accepted 
variable was the crack opening displacement (Ismail et al., 2008; Audenaert et al., 2009; Jang et al., 2011; 
Akhavan et al., 2012). For the cracked concrete, this parameter relate well with the chloride diffusivity, however 
it can’t cover the entire damage level or the cracking extent. Moreover, the stress level or the crack opening 
displacement itself can’t explain the controversy in the literature. As is well known, the deterioration of 
mechanical properties link well with the damage indicator. Thereby, there should be a good correlation between 
the damage indicator and the degradation of concrete durability. However, reliable quantification has not yet 
been established up to now.  
 
Therefore, the aim of this paper is to propose a link between the chloride diffusivity and the damage indicator. 
As the evolution of damage can be represented by the residual deformation and the ultrasonic propagation 
velocity in concrete, this study firstly quantify the damage indicator using these variables, and then identify the 
relationship between the chloride diffusivity and the damage indicators. 
 
E;3ERIMENTAL 3ROGRAM 
 
Materials 
The Portland cement used in the mix was 42.5 ordinary type produced in Hangzhou complying with the Chinese 
National Standard. The fine aggregate used was a local river sand, and the coarse aggregate was a locally 
available crushed gravel with the maximum size of 20 mm. The concrete was mixed using tape water and the 
mix proportions are listed in Table 1. The cubic compressive strengths of concretes were tested after 28 and 56 
days curing, and the average measured values were 25.3 and 28.1 MPa respectively. 
 
Table 1 Mix proportions of the concrete 
Quantity (kg/m3) Water/cement 
ratio 
Cubic compressive strength (MPa) 
Cement Sand Coarse aggregate Water 28 d 56 d 
430 559 1118 185 0.43 25.3 28.1 
 
Specimens 
 
Cubic specimens with the dimensions 200 mm × 200 mm × 200 mm were cast in the wood molds and 
compacted with a mechanical vibrator. Twenty-four hours after the casting, all of the specimens were de-molded 
and then cured in a room at a temperature of 20C and with 95% relative humidity to 56 days. Eight different 
levels of uniaxial compressive loads (30%, 40%, 50%, 60%, 70%, 75%, 80% and 85% of the compressive 
strength of the concrete) were applied to the cubic specimens to generate various level damage in the concrete. 
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To minimize the end effect and avoid the local crushing, the top and bottom surfaces was smoothly polished and 
leveled with some refine sands before loading. After unloading, concrete cores with a diameter of 100 mm and a 
height of 200 mm were drilled from the cubic solids. Then, two concrete discs with 50 mm in thickness were cut 
off from the central part of the cylinders using a diamond blade saw. To identify the damage extent on the 
chloride transport, the concrete cores were taken along the y directions (as shown in Fig.1). To maintain the 
integrity of the test specimens, the lateral curve surface of the discs were wrapped with plastic film and coated 
with epoxy resin. The preparation process of damaged specimen is schematically presented in Fig.1.  
 
 
Fig. 1 specimens with different level of damage: (a) damage generation and core sampling, (b) discs for chloride 
diffusion test 
 
Simulation of chloride penetration  
 
The non-steady state migration method was adopted to evaluate the chloride penetration in concrete (Tang and 
Nilsson, 1992), following NT BUILD 492 (1999), in which an electrical field was used to migrate the chloride 
ions into concrete. Prior to the migration test, the concrete cores were cleaned using a ultrasonic washing 
apparatus and then were vacuum saturated with a saturated Ca(OH)2 solution. Afterwards an external electrical 
potential of 30±0.2 V was applied across the specimen, forcing the chloride ions from the 10% NaCl solution to 
penetrate into the concrete. After the test, the concrete cores were coated by epoxy to keep the integrity of 
specimen. Then, the coated cores were sawed into slices perpendicular to the x direction, and a 0.1 mol/L 
AgNO3 solution was sprayed on each sections. Finally, the chloride penetration depth was measured on each 
part at 10 points from the visible white silver chloride precipitation.  
 
The non-steady state chloride migration coefficient DRCM can be calculated by following equation (NT BUILD 
492, 1999): 
= d dRCM
x xRTD
ZFE t
D  (1) 
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L
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where DRCM is the non-steady state chloride migration coefficient, m2/s; R is the gas constant, R=8.314 J/(K mol); 
Z is the absolute value of ion valence, Z=1 for chloride ion; F is the Faraday constant, F=9.648×104 J/(V mol); 
U is the absolute value of the applied voltage, V; T is the average value of the initial and final temperatures in 
the anolyte solution, K; L is the thickness of the specimen, m; xd is the average value of the penetration depths, 
m; t is the test duration, s; Cd is the chloride concentration at which the color changes, Cd =0.07 N for Portland 
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cement concrete; C0 is the chloride concentration in the catholyte solution. 
 
DAMAGE 4UANTIFICATION 
 
Damage, as an indicator of concrete degradation, can be determined by a number of methods. To measure the 
damage caused by uniaxial compressive loads, some non-destructive measurements were employed in this study, 
including the ultrasonic wave propagation and the residual deformation. 
 
Residual Strain Based Damage 
 
As a basic parameter, the material strain is often measured in the test, which can be divided into reversible part 
and residual part (Loo, 1992): 
ε௜௝ ൌ ߝ௜௝௘ ൅ ߝ௜௝௥  (2) 
where ߝ௜௝௘  is the reversible strain; ߝ௜௝௥  is the residual strain. Immediately measured after unloading, the 
reversible strain is the elastic part in the deformation measurement, and the residual strain includes the plastic 
strain and the damage strain due to the matrix cracking. While the residual strain is obtained after a while after 
unloading, the residual strain consists of the unrecoverable plastic strain and the damage strain, which represents 
the damage in concrete. The residual strains were recorded 30 minutes after unloading in this test. The typical 
results are shown in the Fig.2.  
 
 
Fig. 2 Residual strains of concrete under uniaxial compressive loads 
 
According to the damage mechanics, damage in the material can be characterized by a loss of stiffness or a 
reduction of the secant modulus (Mazars and Pijaudier-Cabot, 1989). Based on this, the stress-strain relationship 
can be given by: 
ı=Eİ (3) 
 
A damage parameter d can be defined as: 
݀ ൌ 1 െ
ܧ
ܧ଴
 
(4) 
where E0 is the initial elastic modulus of undamaged concrete, and is E the secant modulus of damaged concrete. 
From above relationships, the damage parameter dr based on the residual strain can be approximately expressed 
as: 
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(5) 
 
The damage values in the test were obtained from Eq.(5) and displayed in Fig.3. 
 
As can be seen from Fig.3, the axial and lateral residual strains approach to zero at lower compressive loads (İ
40% of the compressive strength), meaning that the microcracks in RAC is not propagated. Correspondingly, 
the damage at this stage is close to zero as illustrated in Fig.3. Thereafter, with the increase of compressive 
stresses, all of the axial and lateral residual strains increase gradually. It indicates that more and more 
microcracks develop and coalesce (Mehta and Monteiro, 2006). When the applied compressive load exceeds 60% 
of the compressive strength, the crack system becomes unstable and macrocracks occurred in the concrete. At 
this stage, most of the marcocracks can’t be recovered after unloading, resulting in rapid increases of residual 
strains and damage values, as shown in Fig.2 and Fig.3. 
  
 Fig.3 Evolution of damage based on residual strain.  Fig.4 Evolution of damage based on ultrasound velocity 
 
Ultrasonic Wave Based Damage 
 
As the fact that the ultrasound velocity can be reduced by the internal damage, a non-destructive detection 
method based on the ultrasonic wave has been applied to evaluate the damage in concrete materials. According 
to the detection principle, the velocity of ultrasonic wave V can be expressed as (Selleck et al., 1998): 
ܸଶ ൌ
ܧ
ߩ
1 െ ߤ
ሺ1 െ 2ߤሻሺ1 ൅ ߤሻ 
(6) 
 
in which E is the elastic modulus of concrete (N/m2), ȝ is the Poisson’s ratio, and ȡ the mass density (kg/m3). 
Submitting Eq.(6) to Eq.(4), the damage parameter dv can obtained as: 
݀௩ ൌ 1 െ
ܸଶ
଴ܸ
ଶ 
(7) 
 
where V and V0 are the velocities of ultrasonic waves in damaged and undamaged concretes. The damage values 
determined from the measured velocity are presented in Fig.4. It is clear that the damage increases with the level 
of applied load beyond 40% of the compressive strength. The sudden increase of damage as shown in Fig.4 also 
put in evidence that some macro cracks have been formed in the specimen when the applied load exceeds 60% 
of the compressive strength.  
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RELATIOSHI3 BETWEEN CHLORIDE DIFFUSI9ITY AND DAMAGE 
 
The chloride diffusion coefficients of sound and damaged concretes were tested and displayed in Fig.5. The 
relative chloride diffusion coefficient of damaged concrete D/D0 is defined as the ratio between the diffusion 
coefficient of damaged concrete D and the diffusion coefficient of sound concrete D0. It appears that there is no 
remarkable increase in the chloride diffusion when the concrete is subjected to a stress level below 40% of the 
compressive strength. No obvious cracks were observed on the concrete surface below this stress level in the 
test. As shown in Fig.3 and Fig.4, the damage values are close to zero correspondingly at this stage. At the stress 
levels below 60% of the compressive strength, the effect of microcracks on the chloride penetration is less 
pronounced after the concrete is unloaded due to their smallest crack widths. However, the chloride ions 
penetrated rapidly into the concrete when the applied compressive load exceeds 60% of the compressive 
strength, due to the occurrence of macrocracks in the concrete. Although the applied load had been removed 
from the concrete in the chloride test, the macrocracks can’t be entirely closed. As a result, the unrecoverable 
marocracks facilitated the transport of fluids and chloride ions. Therefore, for macrocracked concrete, the 
influence of damage extent on the chloride transport should be highlighted.  
Fig.5 Relative chloride diffusion coefficients D/D0 of concrete under different compressive stress levels 
 
It has been generally accepted that most of the cracks propagate along the loading direction for the concrete 
subjected to uniaxial compressive loading. In terms of the lateral strain, it can be assumed that the increase in 
transverse strain beyond the linear elastic level can be attributed totally to the cracks’ formation (Loo, 1992). 
Furthermore, crack width has been reported to influence significantly the permeability of concrete in the 
literature (Aldea et al., 1999; Djerbi et al., 2008). According to the test method illustrated in Fig.6, the concrete 
disks were sawed into slices for chloride diffusivity test perpendicular to the x direction. Therefore, the variables 
measured parallel to the z direction can be used to characterize the damage extent in the specimen. As shown in 
Figs. 3 and 4, a same trend is displayed for the damage variables of dr and dv, indicating that there is a good 
correlation between them. Figure 7 displays the relationship between these two variables, and a linear function 
can be adopted to describe their correlations. 
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Fig. 6 Slices for chloride diffusion coefficient test   Fig.7 Correlation between the damage variables of dr and 
dv 
 
The increase in relative chloride diffusivity D/D0 with the damage variable dr is shown in Fig. 8. It is clear that 
the larger damage the larger chloride diffusivity is. As illustrated in Fig. 8, the relative chloride diffusivity 
increases slightly below a damage value of 0.2. However, it increases dramatically beyond the damage extent of 
0.6 due to the formation of macrocracks. For example, a threefold increase in chloride migration coefficient is 
observed in cracked concrete corresponding to a damage level of 0.78. An exponential function as follows can 
be obtained to correlate the relative increase of chloride diffusivity with the evolution of damage: 
ܦ
ܦ଴
ൌ 0.014 ൈ ݁ሺ
ௗೝ
଴.ଵ଴ଶሻ ൅ 0.986  
(8) 
 
On the basis of Eq.(8) and the relationship between dr and dv, the impact of damage on the chloride transport can 
be predicted for the reinforced concrete structures subjected to compressive stress fields. However, it is noted 
that this relation is established on the range of d0.8. For the main crack- or fracture-dominated concrete, 
further studies should be given to clarify the correlation between the damage extent and the chloride diffusivity. 
Otherwise, the impact of damage on the chloride diffusivity may be underestimated in this case. 
 
 
Fig. 9 Correlation between the relative chloride diffusivity D/D0 of and the damage variables of dr 
 
CONCLUSIONS 
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The damage in concrete subjected to a uniaxial compressive load can be quantified by the increase of residual 
strain and the reduction of ultrasonic velocity on the basis of damage mechanics. The evolutions of damage 
variables relate with the existence state and the development of microcracks system in concrete under different 
compressive stress level. There is a linear relationship between the residual strain based damage and the 
ultrasonic velocity based damage variables.  
 
The damage has an important impact on the chloride diffusivity of concrete. The chloride diffusivity increases 
slightly below a lower damage value of 0.2, and increases dramatically beyond the damage extent of 0.6 due to 
the formation of macrocracks. Compared with the chloride diffusion coefficient of sound concrete, a threefold 
increase is observed in cracked concrete corresponding to a damage level of 0.78. An exponential function can 
be obtained to correlate the relative increase of chloride diffusivity with the evolution of damage. 
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